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PROJECT 5108: A STUDY OF GaAsxP1-x 
Nat iona l  Aeronaut ics  and Space Adminis t ra t ion 
Grant NsG-555 
P r o j e c t  Leader: G .  L. Pearson 
S t a f f :  Yen-sun Chen 
The o b j e c t  of t h i s  p r o j e c t  is t o  e v a l u a t e  t h e  o p t i c a l ,  e l e c t r i c a l  
and m e t a l l u r g i c a l  p r o p e r t i e s  of t h e  GaAs x P 1-x a l l o y  system. 
eva lua t ions  of p a r t i c u l a r  i n t e r e s t  t o  u s  a r e  t h e  i n v e s t i g a t i o n  of t h e  
Among 
c r y s t a l  s t r u c t u r e  and i t s  imperfect ions by t h e  Kossel l i n e  technique  
and by t h a t  of t h e  l a t t i c e  absorp t ion  s p e c t r a  a s  t h e  mole f r a c t i o n  
of GaAs, x, v a r i e s  from 0 t o  1. 
Defec ts  i n  GaAs P * A few e p i t a x i a l l y  grown samples were 
etched i n  ho t  aqua r e g i a  t o  r e v e a l  t h e  d i s l o c a t i o n s .  The r e s u l t s  a r e  
x 1-x' 
shown i n  F igs .  l a  t o  le ,  F igs .  l a  and l b  a r e  f o r  pure GaP and 
r e s p e c t i v e l y .  F igs .  IC and I d  a r e  f o r  a sample of 
GaAs .946'.054 
GaAs 
out  a t  1169Oc f o r  72 hours  i n  an evacuated q u a r t z  ampoule wi th  added 
be fo re  and a f t e r  an anneal ing t rea tment  which was c a r r i e d  
g97p.03 
A s  and P elements  t o  prevent  decomposition of t h e  surface., F ig .  l e  i s  
f o r  pure GaAs. The d i s l o c a t i o n  l i n e s  a r e  a l l  i n  <111> d i r e c t i o n s ;  t h e  
s u r f a c e s  of t h e s e  c r y s t a l s  a r e  a l l  ( 1 1 1 ) A  o r i en ted .  The r e s u l t s  shown 
i n  IC and Id c l e a r l y  i n d i c a t e  t h a t  t h e  sha rp  d i s l o c a t i o n  l i n e s  a r e  
n e a r l y  absent  a f t e r  t h e  hea t  t rea tment  Furthermore, t h e  inva r i ance  
of t h e  l a t t i c e  absorp t ion  spec ra  before  and a f t e r  t h e  annea l ing  t r e a t -  
ment i n d i c a t e s  t h a t  t h e s e  a r e  not  d e f e c t s  due t o  inhomogeneities i n  
composition. These l i n e s  a r e  not  present  i n  GaAs and t h e  d i s l o c a t i o n s  
a r e  t h e r e f o r e  be l ieved  t o  be caused by a l a t t i c e  mismatch between t h e  
GaAs s u b s t r a t e  and t h e  e p i t a x i a l l y  grown a l l o y  c r y s t a l s .  
A f i n a l  r e p o r t  o n  t h i s  p r o j e c t  i s  i n  p r e p a r a t i o n .  
FIGURE CAPTION 
F i g .  1 D i s l o c a t i o n s  i n  e p i t a x i a l l y  grown GaAsxP1-x, 
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0 . 
( a )  GaP ( X 3 0 0 )  (b) 54% P (X300) 
( c )  3 % P  BEFORE ANNEALING (X300) Cd) 3% P AFTER ANNEALING ( X 3 0 0 )  
I 
(e) GaAs ( X I 2 5 1  
FIG. 1 
' 
4 
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PROJECT 5109: EPITAXIAL GROWTH OF 1 1 1 - V  SEMICONDUCTOR COMPOUNDS 
National  Aeronaut ics  and Space Adminis t ra t ion 
Grant NsG-555 
P r o j e c t  Leader :  G. L .  Pearson 
S t a f f :  D. H .  Loescher 
The purpose of t h i s  p r o j e c t  i s  t o  s t u d y  t h e  chemical ,  e lec t r ica l  and 
o p t i c a l  p r o p e r t i e s  of c o b a l t  as an impuri ty  i n  gal l ium phosphide. 
A.  INTRODUCTION 
Th i s  s t u d y  of c o b a l t  i m p u r i t i e s  i n  gal l ium phosphide n a t u r a l l y  
d i v i d e s  i t s e l f  i n t o  t h r e e  p a r t s .  P a r t  one i s  t h e  product ion of s i n g l e  
c r y s t a l s  of gal l ium phosphide; work on c r y s t a l  growth i s  repor ted  i n  
Sec t ion  B. P a r t  two i s  t h e  d i f f u s i o n  of r a d i o t r a c e r  c o b a l t  i n t o  ga l l i um 
phosphide i n  o r d e r  t o  determine t h e  d i f f u s i o n  p r o f i l e  and s o l u b i l i t y  of 
c o b a l t ;  work wi th  r a d i o t r a c e r  c o b a l t  i s  repor ted  i n  Sec t ion  C. The t h i r d  
and f i n a l  p a r t  i s  t h e  measurement of t he  e l e c t r i c a l  and o p t i c a l  p r o p e r t i e s  
of c o b a l t  doped ga l l ium phosphide; t h i s  work i s  repor ted  i n  Sec t ion  D. 
B. GROWTH OF GALLIUM PHOSPHIDE SINGLE CRYSTALS. 
During t h e  per iod covered by t h i s  r e p o r t  n i n e  c r y s t a l  growths were 
performed. The important  a s p e c t s  of a l l  of our  c r y s t a l  growths t o  d a t e  
are summarized i n  Table  1. Except f o r  t h e  q u a n t i t i e s  Nd and Z t h e  
t a b l e  should be s e l f  explana tory .  Nd 
t empera ture  H a l l  c o e f f i c i e n t ,  RH, through t h e  use  of t h e  formula f o r  
an uncompensated semiconductor 
was c a l c u l a t e d  from t h e  room 
2 
n 
5.5 x 10 
+ n  16 N =  
where n i s  given by 
1 n = -  . 
RHq 
1 6  The cons t an t  5 . 5  x 10 i s  given by 
16  -Ed/kT 
5.5 x 10 = Nc e 
= 5 x 10l8 x 1.1 x 
( 3 )  
( 4 )  
where Nc 
of 0 .35 and Ed w a s  t aken  as 0.115 e".' The q u a n t i t y  Z i s  c a l c u l a t e d  
from t h e  q u a n t i t y  Y ,  see Table  1, by d iv id ing  by t h e  number of 
molecules of GaP i n  one cubic  cent imeter  of ga l l ium phosphide,  i . e . ,  
w a s  c a l c u l a t e d  us ing  an e f f e c t i v e  mass r a t i o  f o r  e l e c t r o n s  
Nd 
22 ' 
) 
z =  
( S  flow/P f low)(2.46 X 10 
(5 )  
A va lue  of one f o r  Z means t h a t  t h e  r a t i o  of  s u l f u r  t o  phosphorus i s  
t h e  same i n  t h e  c r y s t a l  as i t  was i n  the  gas  stream. A va lue  of Z 
greater than  one means t h a t  t h e  s u l f u r  t o  phosphorus r a t i o  i s  h ighe r  i n  
t h e  c rys ta l  than  i t  was i n  t h e  gas  stream. I t  has  been p l o t t e d  as a 
func t ion  of Nd i n  F ig .  1. While the re  i s  cons ide rab le  spread i n  t h e  
da t a ,  i t  i s  seen t h a t  Z d e f i n i t e l y  i n c r e a s e s  as t h e  doping i s  inc reased .  
I t  appears  t h a t  t h e  presence  of s u l f u r  i n  t h e  gas  stream i n t e r f e r e s  wi th  
t h e  growth of t h e  c r y s t a l .  S ince  t h e  r a t i o  of s u l f u r  t o  phosphorus i n  
t h e  gas  stream i s  a lways  q u i t e  small, see t h e  q u a n t i t y  X i n  Table  1, 
it i s  u n l i k e l y  t h a t  t h e  s u l f u r  ever  occupies  enough space i n  t h e  g a s  t o  
i n t e r f e r e  p h y s i c a l l y  wi th  t h e  phosphorous. A p r i o r i ,  i t  a l s o  seems 
unreasonable  t h a t  t h e  s m a l l  amount of s u l f u r  should a f f e c t  t h e  chemical 
r e a c t i o n s  occur r ing  a t  t h e  s u b s t r a t e .  However, whi le  performing c rys t a l  
growths number 13, 14  and 15 w e  not iced t h a t  i t  w a s  necessary  t o  grow 
heav i ly  doped c r y s t a l s  a t  lower temperatures  than are usua l  i n  growing 
l i g h t l y  doped c r y s t a l s .  
To be  s p e c i f i c ,  c r y s t a l  growth 13 was performed wi th  a s u b s t r a t e  
0 temperature  of 815 C and r e s u l t e d  i n  a good s i n g l e  c r y s t a l .  The seed 
f o r  growth 14  w a s  l oca t ed  e x a c t l y  as f o r  number 13 but  a very  poor 
c r y s t a l ,  wi th  most of t h e  depos i t i on  occur r ing  down stream from t h e  s e e d ,  
r e s u l t e d .  Growth 15 w a s  performed a t  808 C t o  see if a lower s u b s t r a t e  0 
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temperature  would s o l v e  t h e  problem of growth 14. A very good s i n g l e  
c r y s t a l  grew on t h e  808 C s u b s t r a t e .  Following t h i s  lead  w e  a l s o  found 
t h a t  t h e  undoped c rys ta l  grown i n  number 1 2  was about 4 m i l s  t h i c k e r  t han  
e i t h e r  of t h e  l i g h t l y  doped c rys ta l s  number 11 or 13. Taken t o g e t h e r  t h e  
r e s u l t s  of growths 11 through 15 s t rong ly  suggest  t h a t  s u l f u r  i n  t h e  gas  
stream i n t e r f e r s  wi th  t h e  depos i t i on  of GaP. Now cons ider  Fig.  1 i n  
t h e  l i g h t  of t h e s e  las t  obse rva t ions .  F igure  1 i s  q u a l i t a t i v e l y  explained 
i f  w e  assume t h a t  t h e  r a t e  of s u l f u r  cap tu re  by t h e  growing c r y s t a l  i s  a 
l i n e a r  func t ion  of t h e  s u l f u r  f low and u s e  t h e  f a c t  t h a t  t h e  ra te  of  
c r y s t a l  growth i s  i n v e r s e l y  related t o  t h e  s u l f u r  flow. 
a n a l y s i s  of F ig .  1 i s  beyond t h e  scope of t h i s  p r o j e c t .  I n  summary, 
n i n e  c r y s t a l s  were grown dur ing  t h e  q u a r t e r .  The r e s u l t s  show t h a t  t h e  
r a t e  of depos i t i on  of t h e  GaP c r y s t a l  i s  s t r o n g l y  inf luenced  by t h e  
presence  of s u l f u r  i n  t h e  gas stream. 
0 
A q u a n t i t a t i v e  
C.  RADIOTRACER RESULTS 
Di f fus ion  p r o f i l e s  have been measured on c r y s t a l s  500 microns t h i c k  
us ing  t h e  r a d i o t r a c e r  tecZniques descr ibed i n  t h e  l a s t  q u a r t e r l y  r e p o r t .  
The r e s u l t s  of t h e  measurements are presented g r a p h i c a l l y  i n  F ig .  2. 
A p r o f i l e  p rev ious ly  measured on a th inne r  sample has  been included on 
t h e  graph f o r  r e f e r e n c e  purposes .  On t h e  b a s i s  of t h e  e a r l y  d a t a ,  
obtained us ing  t h i n  samples, w e  had concluded t h a t  c o b a l t  d i f f u s e s  q u i t e  
r a p i d l y  and wi th  a very  f l a t  p r o f i l e .  The more r ecen t  data shows t h a t  t h e  
p r o f i l e  i s  no t  p e r f e c t l y  f l a t .  Consider t h e  p r o f i l e s  shown i n  F ig .  2 i n  
d e t a i l .  A l l  of t h e  p r o f i l e s  c o n s i s t  of a r eg ion  of r a p i d l y  dec reas ing  
concen t r a t ion  followed by a r e l a t i v e l y  f l a t  reg ion .  A s  expected,  t h e  
f l a t  r eg ion  becomes p rogres s ive ly  f l a t t e r  as t h e  d i f f u s i o n  t i m e  i s  
increased  Also t h e  c o b a l t  concen t r a t ion  increases as t h e  d i f f u s i o n  
t i m e  i s  increased .  F igure  3 presen t s  some previous  r e s u l t s  which show 
t h a t  t h e  p r o f i l e  near t h e  s u r f a c e  does no t  change f o r  d i f f u s i o n  t i m e s  
longer  than  7 hours .  Consequently t h e  c o b a l t  concen t r a t ion  shown f o r  
t h e  17 hour d i f f u s i o n  should be  very c l o s e  t o  t h e  s o l u b i l i t y  of c o b a l t  
i n  ga l l ium phosphide a t  1100 C and 1 atmosphere phosphorus p re s su re .  
Th i s  conclus ion  i s  supported by the  f a c t  t h a t  t h e  c o b a l t  concen t r a t ion  
0 
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, 
changes by only  a f a c t o r  of two between 100 microns below t h e  s u r f a c e  
and 500 microns below t h e  su r face .  Measurements which have been made t o  
determine whether t h e  c o b a l t  ends up on i n t e r s t i t i a l  or s u b s t i t u t i o n a l  
s i tes are repor ted  i n  Sec t ion  D .  
The d i f f u s i o n  p r o f i l e s  given i n  F ig .  2 show t h a t  t h i c k  c r y s t a l s  of 
ga l l ium phosphide can be doped n e a r l y  uniformly wi th  c o b a l t  by d i f f u s i o n ;  
t h e  s t e e p  p a r t  of t h e  p r o f i l e  can be e a s i l y  lapped away from t h e  s u r f a c e  
of t h e  d i f fused  c r y s t a l .  S ince  a major p a r t  of t h i s  p r o j e c t  i nvo lves  
s tudying  t h e  p r o p e r t i e s  of c o b a l t  doped ga l l ium phosphide,  t h i s  las t  
f a c t  i s  extremely u s e f u l .  On t h e  o the r  hand, t h e  shape of t h e  p r o f i l e  
would probably cause  t r o u b l e  i n  t h e  f a b r i c a t i o n  of p-n j u n c t i o n  dev ices .  
Also,  r e g r e t t a b l y ,  t h e  c o b a l t  concent ra t ion  o b t a i n a b l e  as a r e s u l t  of 
e i t h e r  s h o r t  t i m e  or low temperature  d i f f u s i o n s ,  cond i t ions  which y i e l d  
more rounded p r o f i l e s , 2  i s  t o o  low t o  be u s e f u l  f o r  most a p p l i c a t i o n s .  
D. ELECTRICAL AND OPTICAL MEASUREMENTS 
The r e s i s t i v i t y  of c o b a l t  d i f fused  ga l l ium phosphide has  been m e a -  
sured a s  a f u n c t i o n  of temperature .  The r e s i s t i v i t y  w a s  measured u s i n g  
H a l l  b a r s ,  which were t y p i c a l l y  3mm long,  1.1 mm w i d e  and 0.25 mm t h i c k ,  
on to  which 99 percent  t i n - 1  percent  z inc  c o n t a c t s  had been a l loyed .  
The equipment and method used t o  ob ta in  t h e  measurements are descr ibed  
i n  Ref. 3. The b a r s  w e r e  c u t  from c r y s t a l s  which had been lapped,  as 
mentioned above, a f t e r  having been d i f fused  wi th  c o b a l t .  The r e s u l t s  of 
r e s i s t i v i t y  measurements on t h r e e  samples are shown i n  F ig .  4. A s  shown 
i n  Table  1, t h e  c r y s t a l  S#11 had a room temperature  c a r r i e r  concen t r a t ion  
of 6 x and c rys t a l  S#12 w a s  undoped. The only  r e l i a b l e  Ha l l  m e a -  
surement,  which w a s  made  a t  room temperature on t h e  1115 C-48 hr b a r ,  
y i e l d e d  p = 4.4 x 
Contact  d i f f i c u l t i e s  have so f a r  prevented t h e  measurement of t h e  Ha l l  
c o e f f i c i e n t  on any o t h e r  sample. The one measurement does confirm t h e  
hypothes is  t h a t  c o b a l t  i s  an acceptor  i n  ga l l ium phosphide. The measure- 
ments shown i n  F ig .  4 are discussed below. The conclus ion  drawn from t h e  
d i s c u s s i o n  i s  t h a t  a d d i t i o n a l  measurements are needed t o  understand t h e s e  
d a t a ,  
0 
2 
ho le s  p e r  cc and a mobi l i t y  of 81 c m  /vo l t - sec .  
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The r e s u l t s  of Fermi-Dirac s t a t i s t i c s  needed t o  d i s c u s s  F ig .  4 are 
NA given below. Consider a c r y s t a l  a t  temperature T con ta in ing  
accep to r s ,  ND donors ,  and p ho le s .  Then 
and 
-Ef/kT 
p = N e  V 
g iv ing  
- EA/ kT P(P + ND) 
- N e  N A - N D -  p '  
V 
(7) 
where NV i s  t h e  e f f e c t i v e  d e n s i t y  of va lence  band states and Ef i s  
t h e  Fermi energy, a l l  ene rg ie s  be ing  measured upward from t h e  va lence  
band. The l a r g e s t  room tempera ture  value of p ca lcu la ted  from t h e  
data  i n  Fig.  4 i s  3.4 x 1013 holes/cc.  An estimate of N d ,  ob ta ined  
from t h e  r e s i s t i v i t y  of sample S#12, i s  2.6 x 10 , i . e , ,  about an 
o r d e r  of magnitude l a r g e r  than  p. Consequently w e  can rewrite Eq. (8 )  
i n  t h e  approximate form 
1 4  
which l e a d s  t o  
and 
V '  i f  t h e  temperature  v a r i a t i o n  of mobi l i ty  campensate's t h a t  o-f N 
Equation (11) shows t h a t  t h e  s lope  of t h e  l i n e s  i n  F ig .  4 should cor- 
respond t o  t h e  a c t i v a t i o n  energy of c o b a l t .  
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Equations (7 )  and (9 )  y i e l d  the  r e s u l t  t h a t  
ND 
f A  NA 
E = E  + k T l n -  
S ince  N is less than  N t h e  Fermi l e v e l  w i l l  always l i e  below t h e  
acceptor  l e v e l ,  remember however t h a t  the formula only a p p l i e s  as  long  
a s  ND i s  l a r g e r  t han  p. 
ment of r e s i s t i v i t y  should y i e l d  a s m a l l e r  va lue  than  would be obta ined  
us ing  t h e  formula 
D A 
A s  a consequence of Eq. ( 1 2 ) ,  any measure- 
E /kT 
A e p = -  
1 
qvNv 
where p i s  t h e  mob i l i t y  and q i s  t h e  e l e c t r o n i c  charge.  I n  F ig .  5 
p from Eq. (7)  and p from Eq. (13) a re  p l o t t e d  a s  func t ions  of Ef (or E ). 
The graph was c a l c u l a t e d  us ing  p = 81 c m  /vo l t - sec  and an e f f e c t i v e  
mass r a t i o  f o r  h o l e s  of 0 . 8 ,  a s  suggested by Al l en  and Cherry. 
A 2 
4 
Now compare t h e  d a t a  shown i n  Fig. 4 w i t h  t h e  c a l c u l a t i o n s  g iven  
i n  Fig.  5 .  The sample w i t h  an a c t i v a t i o n  energy of 0.25 e V  had a room 
temperature  r e s i s t i v i t y  of 4 X 10' ohm-cm. 
E 
0.32 e V  sample was 2 . 1  x lo3 ohm-cm a t  room temperature  wh i l e  f o r  0.32 e V ,  
F ig .  5 g ives  about  1000 ohm-cm. F i n a l l y  f o r  t h e  0.38 e V  sample t h e  
va lues  are 8 x 10 ohm-cm and about 10 ohm-cm respec t ive ly .  S ince ,  
a s  d i scussed  above, t h e  Fermi l e v e l  l ies below E f o r  any reasonable  
r a t i o  of N t o  N t h e  measured r e s i s t i v i t y  should be  lower, no t  h i g h e r ,  
t han  t h a t  p red ic t ed  from Fig.  5 .  The reason  f o r  t h e  anomalously 
h igh  measured r e s i s t i v i t y  i s  not known. 
F igure  5 shows t h a t  f o r  
= 0.2  e V  t h e  r e s i s t i v i t y  should be about  60 ohm-cm. S i m i l a r l y  t h e  f 
4 4 
A 
D A' 
Besides  t h e  d i f f i c u l t y  wi th  the a c t u a l  va lue  of t h e  r e s i s t i v i t y  shown 
i n  F ig .  9 t h e r e  is  a problem w i t h  t h e  a c t i v a t i o n  energ ies .  One c a n  
imagine a t  least  f o u r  e l e c t r i c a l  s t a t e s  for c o b a l t  i n  gal l ium phosphide,  
s i n g l y  and doubly charged c o b a l t  on e i t h e r  i n t e r s t i t i a l  or s u b s t i t u t i o n a l  
s i t e s ,  and each could have a d i f f e r e n t  a c t i v a t i o n  energy. However, a s  
t h e  d i f f u s i o n  cond i t ions  f o r  t he  0.25 e V  and 0.32 e V  samples were very 
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n e a r l y  t h e  same, c o b a l t  should be d i s t r i b u t e d  about t h e  same i n  both 
cases. C l e a r l y  another  t o o l  i s  needed t o  determine where t h e  c o b a l t  
i s  i n  t h e  c r y s t a l  and how i t  i s  d i s t r i b u t e d .  The combination of o p t i c a l  
absorp t ion  measurements and c r y s t a l  f i e l d  theory  g ives  US such a t o o l .  
The r e s u l t  of u s ing  t h i s  t o o l ,  which i s  d iscussed  i n  d e t a i l  below, i s  
t h a t  a f t e r  a 48 hour 1200 OC d i f f u s i o n  most of t h e  c o b a l t  i s  on sub- 
s t i t u t i o n a l  sites. Consequently t h e  value of 0.38 e v  i s  t e n t a t i v e l y  
assigned t o  s u b s t i t u t i o n a l  c o b a l t .  Also n o t i c e  t h a t  a t  h igh  tempera tures  
t h e  s l o p e s  of 0.25 ev and 0.32 ev samples change t o  approximately 0.36 ev.  
Th i s  l a s t  obse rva t ion  sugges t s  t h a t  a f t e r  d i f f u s i o n s  a t  t h e  lower t e m -  
p e r a t u r e s  some of t h e  c o b a l t  i s  on s u b s t i t u t i o n a l  s i tes,  where t h e  
a c t i v a t i o n  i s  0.38 ev,  and some i s  on i n t e r s t i t i a l  s i tes where t h e  
a c t i v a t i o n  energy i s  lower. More experiments w i l l  a l low US t o  de te rmine  
t h e  cause of t h e  anomalously h igh  r e s i s t i v i t y  and t o  s o r t  ou t  t h e  
mu1 t i p l e  a c t i v a t i o n  ene rg ie s  . 
A combination of an o p t i c a l  absorpt ion measurement and c r y s t a l  f i e l d  
theory  has  been used t o  determine the  l o c a t i o n  of t h e  c o b a l t  i m p u r i t i e s  
i n  ga l l ium phosphide i n  which c o b a l t  w a s  d i f fused  a t  1200 C for 39 h r s .  
The abso rp t ion  measurements were made at 77 K us ing  a C a r y  Model 1 4  1 R  
record ing  spectrophotometer .  The model 141R i s  a modified v e r s i o n  of 
t h e  model 14  which al lows measurements t o  be made out t o  1.7 microns wi th  
t h e  v i s i b l e  range l i g h t  beam conf igu ra t ion .  I n  o r d e r  t o  o b t a i n  s u f f i c i e n t  
abso rp t ion  i t  w a s  necessary  t o  s t ack  two d i f fused  p i e c e s ,  one on t o p  
of t h e  o t h e r ,  i n  t h e  sample chamber, The e f f e c t s  of m u l t i p l e  r e f l e c -  
t i o n s  and background abso rp t ion  were removed when t h e  traces from t h e  
Cary were read, The r e s u l t s  of p l o t t i n g  t h e  absorp t ion  c o e f f i c i e n t  
due t o  t h e  c o b a l t ,  as a f u n c t i o n  of wave number, are shown i n  F ig .  7. 
The conclus ion  of t h e  d e t a i l e d  d i scuss ion  of F ig .  7 g iven  below i s  t h a t  
t h e  abso rp t ion  peaks are due t o  s u b s t i t u t i o n a l  c o b a l t .  
0 
0 
The e f f e c t  of l igand atoms on the  atomic l e v e l s  of a c e n t r a l  atom 
i s  t r e a t e d  i n  c r y s t a l  f i e l d  theory.  The s u b j e c t ,  which was o r i g i n a l l y  
developed by Be theJ5  has  been t r e a t e d  r e c e n t l y  by Ballhausen' and 
McClure. B a s i c a l l y  t h e  theo ry  c o n s i s t s  of t h e  u s e  of p e r t u r b a t i o n  
theory  and group theory  t o  c a l c u l a t e  t h e  e f f e c t s  of lowering t h e  sym- 
m e t r y  of t h e  atomic environment. A s  an example of t h e  theo ry ,  cons ide r  
7 
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. 
t h e  s p l i t t i n g  of t h e  c o b a l t  d - she l l  i n  a t e t r a h e d r a l  f i e l d .  Cobal t  h a s  
t h e  e l e c t r o n i c  c o n f i g u r a t i o n  [ A ]  3d74s2 where [ A ]  r e p r e s e n t s  t h e  
f i l l e d  argon s h e l l s .  There are 
10  9 - 0 8  
1 . 2 . 3  = 120 
ways of p u t t i n g  seven e l e c t r o n s  i n t o  ten l e v e l s .  Due t o  e l ec t ron -  
e l e c t r o n  i n t e r a c t i o n  t h i s  120-fold degeneracy i s  p a r t i a l l y  l i f t e d .  The 
e f f e c t s  of e l ec t ron -e l ec t ron  i n t e r a c t i o n  can be calculated us ing  
m u l t i p l e t  theory6l7  and a r e  l i s t e d  i n  Ref. 6 (page 24) .  
m u l t i p l e t  theory  i s  t h a t  t h e  lowest s t a t e  f o r  7 3d e l e c t r o n s  i s  a 28 
f o l d  degenera te  4F s t a t e ;  t h e  n o t a t i o n  i s  t h e  l o g i c a l  ex tens ion  of t h e  
s i n g l e  e l e c t r o n  n o t a t i o n  wi th  an added p r e s u p e r s c r i p t  t o  g i v e  t h e  s p i n  
degeneracy. The second lowest s t a t e  i s  4P which i s  12-fold degenera te  
and l i e s  15B, where B i s  t h e  Racah parameter, above 4F. The r e l a t i v e  
e n e r g i e s  of t h e  lower s ta tes  of 7 3d e l e c t r o n s  are shown along t h e  
o r d i n a t e  i n  F ig .  7.  When t h e  c o b a l t  atom i s  put  i n t o  a t e t r a h e d r a l  
f i e l d  some of t h e  m u l t i p l e t  degeneracy i s  l i f t e d .  
s t a t e  s p l i t s  i n t o  a 4A2, 
n o t a t i o n  f o r  t h e  i r r e d u c i  r ep resen ta t ions  of t h e  group Td i s  used .  
I n  t h i s  n o t a t i o n  A r e p r e s e n t s  a s i n g l e t  s t a t e ,  E a doub le t ,  and T 
a t r i p l e t .  Note t h a t  t h e  number of s p l i t  s ta tes  
The r e s u l t  of 
For example, t h e  4F 
a 4T1, and a 4T2 s t a t e ;  h e r e  Mul l iken ' s  
4 4 4 
4 1( A 2 )  + 4 - 3( T1) + 4 3( T2) = 28 
equa l s  t h e  number of o r i g i n a l  s t a t e s  
as i t  must. The s p l i t t i n g s  of t he  lower s ta tes  of 7 3d e l e c t r o n s  are 
shown i n  F ig .  6 as a func t ion  of t he  c r y s t a l  f i e l d  parameter Dq. Dq, 
which i s  g e n e r a l l y  treated as an empir ical  q u a n t i t y ,  measures t h e  
s t r e n g t h  of t h e  c rys t a l  f i e l d .  Symmetry and quantum s e l e c t i o n  r u l e s  
show t h a t  e l e c t r i c  d i p o l e  t r a n s i t i o n s  from 4A2(4F) t o  4T1(4F) and 
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4 
from 4A2(4F) t o  
t h e  d c o b a l t  s t a t e s  and p states of t h e  l i gands .  Th i s  mixing i s  
necessary  because e lec t r ic  d i p o l e  t r a n s i t i o n s  are forb idden  between two 
pure  d-states.  Also,  s i n c e  t h e r e  should be  more mixing between t h e  
exc i ted  s t a t e  and t h e  l i gands  than between t h e  ground s t a t e  and 
t h e  l i g a n d s ,  t h e  A2( E )  - T1(4P) t r a n s i t i o n  should be s t ronge r  than  
t h e  A2( F )  - T1( F )  t r a n s i t i o n .  F i n a l l y ,  n o t i c e  t h a t  near Dq/B = 
0.3, t h e r e  should be cons ide rab le  mixing between 4P and t h e  s p l i t  
s ta tes  of 2G. 
6 i s  now s t r a igh t fo rward .  
T1(4P) are allowed i f  t h e r e  i s  some mixing between 
4P 
4 4  4 
4 4  4 4  
The i n t e r p r e t a t i o n  of t h e  experimental  r e s u l t s  i n  F ig .  
-1 4 
The absorp t ion  peak near  8200 c m  i s  caused by t h e  
4 -1 
A2(4F) - 
4T ( F) t r a n s i t i o n .  The peak nea r  12,500 c m  i s  caused by t h e  
4 l 4  4 
A2( F) - T1(4P) t r a n s i t i o n .  The s t r u c t u r e  on t h e  l a t t e r  peak i s  
caused by t h e  mixing of 4P and 2G states  near Dq/B = 0.3. The 
o s c i l l a t o r  s t r e n g t h s  f o r  t h e  two t r a n s i t i o n s  have been ca lcu la ted  u s i n g  
t h e  formula: 9 
where N i s  t h e  concen t r a t ion  of impur i t i e s  i n  atoms p e r  cc, n i s  t h e  
index of r e f r a c t i o n ,  m* i s  t h e  e f f e c t i v e  mass, t;r i s  P lanck ' s  con- 
s t a n t  i n  u n i t s  of ev-sec,  112 i s  t h e  abso rp t ion  cons t an t  i n  c m  , 
E i s  energy i n  e V ,  and (Eo/Eeff ) i s  t h e  e f f e c t i v e  f i e l d  r a t i o .  
A f t e r  i n s e r t i n g  t h e  va lues  of t h e  cons t an t s  appropr i a t e  t o  ga l l ium 
phosphide and s e t t i n g  (Eo /Eef f )  = 1 Eq. (15) becomes 
-1 
1 6  Nf12 = 2.67 X 10 
The r e s u l t s  of apply ing  equat ion  (16)  t o  Fig.  6 are 
z. 8.7 x 10 -4 
8 200 
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- 3  
Z 4.8 x 10 12500 
and 12500 
fgZOO = 5.5 
These va lues  of f are about t e n  t imes  l a r g e r  than  those  expected 
f o r  c o b a l t  i n  a centrosymmetric oc tahedra l  f i e l d .  Th i s  l a s t  fac t  c o m -  
bined wi th  t h e  f a c t  t ha t  t h e  absorp t ion  spectrum of o c t a h e d r a l l y  
coordinated c o b a l t  would be s i g n i f i c a n t l y  d i f f e r e n t  from t h e  spectrum 
should i n  F ig .  7 prove conc lus ive ly  t h a t  t h e  c o b a l t  i n  t h e  c r y s t a l  
measured i s  on t e t r a h e d r a l  s i tes .  Fur ther  c o n s i d e r a t i o n  l e a d s  t o  a 
second very  important  conclus ion ,  namely tha t  t h e  c o b a l t  has  t h e  3d 
c o n f i g u r a t i o n  and has  no t  become 3d6 
f o r  gal l ium. To summarize, t h e  a p p l i c a t i o n  of c r y s t a l  f i e l d  theo ry  t o  
t h e  spectrum of Fig.  7 shows t h a t  t h e  c o b a l t  atoms i n  t he  sample 
measured were on s u b s t i t u t i o n a l  s i t e s  and have t h e  
conf igu ra t ion .  Absorption measurements w i l l  be  made on sample d i f -  
fused  a t  o t h e r  temperatures  i n  t h e  f u t u r e ,  
7 
i n  t h e  process  of s u b s t i t u t i n g  
3d7 i n n e r  s h e l l  
The combination of o p t i c a l  absorpt ion and c r y s t a l  f i e l d  theo ry  i s  
p o t e n t i a l l y  a very powerful t o o l .  To d a t e  t h i s  method of s tudying  
t r a n s i t i o n  metals has  been used only  by inorganic  chemis ts  s tudy ing  
compounds which could con ta in  l a r g e  amounts of t h e  metal as an impur i ty .  
Our measurements show t h a t  impur i ty  concen t r a t ions  as low as a few times 
1017 can be d e t e c t e d .  
f a i r l y  common, i t  i s  p o s s i b l e  t o  use  q u i t e  small samples. The s tacked  
c r y s t a l  used i n  ou r  measurement w a s  about 3mm x 2mm X l m m  and conta ined  
a t o t a l  of about 1015 c o b a l t  atoms. T h i s  l a s t  number i s  about an o r d e r  
of magnitude below the  l i m i t  of d e t e c t a b i l i t y  f o r  most EPR measurements. 
Summarizing, one o p t i c a l  abso rp t ion  measurement made a t  77 O K  has 
y ie lded  informat ion  about s i t e  symmetry and e l e c t r o n  c o n f i g u r a t i o n  
which could no t  have been obtained by any o t h e r  means. 
Moreover, s i n c e  s e n s i t i v e  spectrophotometers  are 
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E. CONCLUSION 
On t h e  b a s i s  of t h e  work performed dur ing  t h e  l a s t  q u a r t e r  w e  
conclude: 
1. That t h e  presence of s u l f u r  i n  t h e  gas  stream dur ing  e x p i t a x i a l  
growth reduces t h e  growth rate,  
2. That i t  i s  p o s s i b l e  t o  o b t a i n  near ly  uniform samples of Co-doped 
GaP by s o l i d  s ta te  d i f f u s i o n .  
3. That Co i s  a complicated acceptor  i n  Gap. 
4.  That Co with  a 3d e l e c t r o n i c  conf igu ra t ion  i s  loca ted  on 7 
s u b s t i t u t i o n a l  s i tes  a f t e r  a 39 hour d i f f u s i o n  a t  1200 'C. 
- 11 - 
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1 - 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
TABLE I 
GROWING CONDITIONS AND CARRIER DENSITIES OF SULFUR DOPED Gap S I N G L E  CRYSTALS 
Nd 
c m  -3 Z 
S 
mole s /m i n  
P 
m 01 es /m i n  Y = Nd/X x = S/P 
18 3.3X10 2.0~10-9 7.2x10-~ 2.8x10-~ 1.gx10 23 7.7 
17 1.7~10 4. 9 X l O - l 0  7.2x10-~ 2 .5X1022 1 
1. 9xi0-8 1 . 8 X l 0 ~ ~  24 l . l X 1 0  4.5 
4 . 2 ~ 1 0 ~ ~  24 1 .ox10 5 ,4x10-~  4.2x10-~ 41 
3 . 4 ~ 1 0 ~ ~  1.8X10-~~ 2. 5X10m6 1 . 4 ~ 1 0 ~ ~  5.7 
17 2 7x10 6. 7X10-10 7.2x10-~ 9. 3X10-6 22 2 .9~10 1.2 
7 .2x i0 -~  1.8x10-~ N.M.* Good C r y s t a l ,  
~ 
4 . 8 ~ 1 0 ~ ~  9 . 2 ~ 1 0 ~ ~  I 5 . 2 ~ 1 0 ~ ~  I 210 6.6x10-~' 7. 
P o l y c r y s t a l  Due T o  Mislocation Of Seed 
4 = 8x10 ohm-cm 300% I I 0 N.M. 
6. 7X10-10 1 .3~10 22 I -53 17  1 . 2 X l O  
N.M. 0 = 590 ohm-cm 300% 
N.M. - 10 1.8~10 Good C r y s t a l  
9 .24X10-10 
9.24X10-10 
N.M. Poor C r y s t a l  
N.M. Good C r y s t a l  
* N.M. means that the  value has not been measured. 
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FIGURJ3 CAPTIONS 
Fig .  1 The q u a n t i t y  z (see t e x t  and Table I )  a s  a f u n c t i o n  of t h e  s u l f u r  
doping N 
Co p r o f i l e s  i n  GaP a f t e r  l lOg°C d i f f u s i o n s  a t  a phosphorus p r e s s u r e  
of approximately 1 atmosphere and f o r  t h e  times ind ica t ed .  
The r e s u l t s  of 1015°C d i f f u s i o n s  for  7, 24, and 50 hours .  
D' 
Fig .  2 
F ig .  3 
F ig .  4 The r e s i s t i v i t y  of Co doped gall ium phosphide i s  shown a s  a 
func t ion  of temperature .  The d i f f u s i o n  c o n d i t i o n s  a r e  a s  i n d i c a t e d .  
F ig .  5 The room temperature  ho le  c o n c e n t r a t i  n and r e s i s t i v i t y  a r e  shown 8 
a s  a f u n c t i o n  of E The value 81 c m  /vo l t - sec  was used f o r  t h e  
mob i l i t y  . f '  
F ig .  6 The c r y s t a l  f i e l d  s p l i t t i n g  of t h e  Co d - s h e l l  i s  shown a s  a func- 
t i o n  of t h e  parameter D A l l  e n e r g i e s  a r e  i n  u n i t s  of B. The 
symmetry c l a s s i f i c a t i o n  of the d i f f e r e n t  s t a t e s  i s  g iven  i n  Be the ' s  
n o t a t i o n .  
q '  
F ig .  7 The exper imenta l ly  measured absorp t ion  due t o  c o b a l t  d - s h e l l  
t r a n s i t i o n s  i s  shown a s  a func t ion  of wave number. 
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P r o j e c t  5112: THE PROPERTIES OF RECTIFYING JUNCTIONS I N  G a A s  P x (1-x) 
National  Aeronaut ics  and Space Adminis t ra t ion Grant N s G - 5 5 5  
P r o j e c t  Leader: G.  L.  Pearson,  J. L.  Moll 
S t a f f :  T. Koike 
The purpose of t h i s  p r o j e c t  i s  t o  study t h e  p r o p e r t i e s  Of r e c t i f y i n g  
j u n c t i o n s  i n  GaP and G a A s  P I t  i s  planned t o  i n v e s t i g a t e  b o t h  
metal b a r r i e r s  and p-n j u n c t i o n s .  
x (1-x). 
A .  INTRODUCTION 
During t h e  l as t  q u a r t e r  a few more sulfur-doped n- type GaP s i n g l e  
crystals  were grown under d i f f e r e n t  growing c o n d i t i o n s  i n  o r d e r  to  o b t a i n  
d i f f e r e n t  doping l e v e l s  f o r  o u r  s i n g l e  c r y s t a l s .  Seve ra l  a l loyed  p-n 
j u n c t i o n s  were f a b r i c a t e d  from one of t h e  grown crys ta l s  and t h e  forward 
c h a r a c t e r i s t i c s  of t h e s e  were s tud ied  i n  d e t a i l .  
The s tudy  of p h o t o v o l t a i c  ce l l s  cons t ruc t ed  from n-type G a P  w a s  
a l s o  s t a r t e d  and some c h a r a c t e r i s t i c s  of t h e  f i r s t  c e l l  are given i n  
t h i s  r e p o r t .  
B. CRYSTAL GROWTH 
Two sulfur-doped n - type  GaP s i n g l e  c r y s t a l s  were grown by t h e  open 
J. tube method. In  o r d e r  t o  o b t a i n  two d i f f e r e n t  doping d e n s i t i e s  
cm-3 and 1017 s u l f u r  was kept  i n  b o i l i n g  ba ths  of acetone 
( b . p .  = 56 .5  "C) and methanol (b .p .  = 64.65 " C ) .  The growth c o n d i t i o n s  
are summarized i n  Table 1. I n  both both growths,  s i n g l e  c r y s t a l s  
g r e a t e r  t han  30 m i l s  i n  t h i ckness  were ob ta ined .  
2 
C.  PROPERTIES OF ALLOYED pn JUNCTIONS 
A few a l loyed  pn j u n c t i o n s  were made according t o  t h e  p rocess  
desc r ibed  i n  t h e  p rev ious  r e p o r t 3  from t h e  
( N  
a l loyed  f o r  5 min and a f t e r  a b r i e f  e t c h i n g  i n  aqua r e g i a  (10 sec) a 
t i n  (99 p e r c e n t )  - z i n c  (1 p e r c e n t )  d o t  w a s  a l l oyed  f o r  10 min i n  t h e  
Marshall  fu rnace  at 500 OC with a hydrogen flow rate  of 1 cu f t / h r .  
n - type  GaP s i n g l e  c r y s t a l  
A t i n  p e l l e t  w a s  = 3 x 1 O I 6  ~ m - ~ )  grown i n  t h e  previous quarter .  D 
I .  
TABLE 1. GROWTH CONDITIONS FOR SULFUR-DOPED 
n-TYPE G a P  SINGLE CRYSTALS 
Run Number 
2 
Flow of H 
Temperature "C 
Temperature Gradien t  'C/cm 
O r i e n t a t i o n  
Angle Against  Flow 
BY Pass  cc,/min 
PCl3(0 "c) cc/min 
Doping Line ( s u l f u r )  cc/min 
Bo i l ing  Liquid B a t h  
- 3  
Donor Density (expec ted)  c m  
---I--- 
J- 29 
820 
16 
(111) 
30 " 
80 
57 
8 .2  
Acetone 
(56.5 "C) 
16 -10 
5-31 
820 
16  
(111 1 
30 " 
46 
57 
39.2 
Methanol 
(64.65 "C) 
17 -10 
A t y p i c a l  V - I  curve of Diode D-7-25 is  shown i n  F ig .  l a .  The same 
diode  w a s  la ter  given a s p e c i a l  treatment which cons i s t ed  of e t c h i n g  
f o r  1 min i n  a l H C l  - 2HNO s o l u t i o n  and baking f o r  30 min i n  an oven 
kept  a t  100 "C. 
ter is t ics  i s  evident  a f t e r  t h e  t rea tment  as shown i n  F ig .  l b .  I t  
should a l s o  be no t i ced  t h a t  t h e  reverse  breakdown vo l t age  is  f a i r l y  
c o n s i s t e n t  wi th  t h a t  of Diode A repor ted  i n  t h e  prev ious  q u a r t e r .  
Both d iodes  were f a b r i c a t e d  under  i d e n t i c a l  cond i t ions  from t h e  same 
c r y s t a l .  
3 
A s l i g h t  improvement i n  t h e  r eve r se  breakdown charac-  
3 
The d e t a i l e d  forward c h a r a c t e r i s t i c s  were measured before  and a f t e r  
t h e  baking t rea tment  and t h e  r e s u l t s  i nd ica t ed  some i n t e r e s t i n g  
f e a t u r e s  as shown i n  F i g .  2 .  I n  e i t h e r  case  t h e  forward c h a r a c t e r i s t i c s  
do no t  fo l low t h e  s imple recombinat ion-generat ion model descr ibed  by 
Sah, Noyce, and Shockley.' 
c u r r e n t  a t  low b i a s  v o l t a g e s .  So f a r  our s tudy has  no t  shown any con- 
c l u s i v e  evidence regard ing  t h e  source of  t h i s  excess ive  c u r r e n t .  How- 
e v e r ,  t h e  i n c r e a s e  i n  t h e  forward current  a t  low b i a s  vo l t ages  a f t e r  
t h e  t rea tment  may i n d i c a t e  t h a t  a pa r t  of t h e  excess ive  c u r r e n t  i s  due 
t o  t h e  s u r f a c e  cond i t ion  as noted i n  t h e  prev ious  r e p o r t .  
There i s  a cons iderable  amount of excess ive  
3 
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A t  h ighe r  bias  v o l t a g e s  the  diode c u r r e n t  i s  a f f e c t e d  by t h e  series 
r e s i s t a n c e  which is  about one o r d e r  of magnitude h i g h e r  than t h e  
expected va lue .  Since there i s  no anomalous r e s i s t a n c e  a t  the ohmic 
c o n t a c t ,  t h e r e  may be two p o s s i b l e  reasons f o r  t h i s  anomalous resis- 
t a n c e .  One is  t h e  imperfect  a l l o y i n g  of the  pn j u n c t i o n  and t h e  
smaller e f f e c t i v e  area of the pn junc t ion .  Another is  t h e  e x i s t e n c e  
of a h igh ly  compensated (nea r  i n t r i n s i c )  region n e a r  the  pn j u n c t i o n ,  
If w e  examine the  j u n c t i o n  capaci tance a t  ze ro  b i a s ,  w e  f i n d  t h a t  i n  
e i the r  Diode B ( r epor t ed  i n  t he  previous r e p o r t  ) or D-7-25 t he  capac i -  
t a n c e  is  one o r d e r  of magnitude smaller than expected.  From t h i s  
evidence and a d d i t i o n a l  evidence which w i l l  be mentioned l a t e r ,  t h e  
l a t t e r  seems t o  be t h e  main reason f o r  t h e  anomaly i n  t he  series 
r e s i s t a n c e .  
3 
3 
D .  GALLIUM PHOSPHIDE SOLAR CELLS 
GaP p h o t o v o l t a i c  cel ls  were f a b r i c a t e d  from the grown s i n g l e  c rys ta l  
and some measurements were performed on the cel ls .  The de ta i l s  are 
r epor t ed  below. 
1. S o l a r  C e l l  F a b r i c a t i o n  
C r y s t a l  5-29 w a s  c u t  i n t o  a small p i e c e  and lapped and p o l i s h e d .  
Then the  sample w a s  e tched i n  a 2HNO - l H C l  s o l u t i o n  f o r  5 min. A f t e r  
t he  e t c h i n g  w a s  done, t he  sample w a s  s ea l ed  i n  a c losed  ampule wi th  
1 mg of Zn (9.9999 p e r c e n t )  evacuated t o  less than  10 
very important t o  s e p a r a t e  t h e  c r y s t a l  from t h e  Zn p e l l e t ,  so t h a t  t h e  
s p e c i a l  shape of the  ampoule w a s  needed a s  shown i n  F ig .  3. The volume 
3 
-3 mmHg. I t  w a s  
n 
3 of t he  ampoule w a s  about 2 . 5  c m  ~ 
The d i f f u s i o n  of Zn i n t o  GaP i s  no t  desc r ibed  by t h e  simple 
d i f f u s i o n  theory i n  which the  d i f f u s i o n  c o e f f i c i e n t  is  assumed c o n s t a n t .  
I t  has been e s t a b l i s h e d  by Chang t h a t  t h e  d i f f u s i o n  of Zn i n  GaP i s  
desc r ibed  by t h e  paral le l -mode model i n  which both i n t e r s t i t i a l  and 
s u b s t i t u t i o n a l  d i f f u s i o n s  t a k e  p l ace .  T h i s  r e s u l t s  i n  a s h a r p e r  d i f -  
f u s i o n  f r o n t  than t h e  p r e d i c t i o n  of the complementary e r r o r  f u n c t i o n .  
The re fo re ,  t h e  exac t  c a l c u l a t i o n  of t he  d i f f u s i o n  t i m e  i s  d i f f i c u l t .  
5 
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However, Chang5 r epor t ed  about 12p for the d i f f u s e d  l a y e r  t h i c k n e s s  as 
a r e su l t  of one hour d i f f u s i o n  a t  800 'C. 
d i f f u s i o n  a t  800 OC f o r  less than one hour t o  o b t a i n  a t h i n n e r  d i f f u s e d  
l a y e r .  The a c t u a l  d i f f u s i o n  was done a t  800 f o r  13 min. 
We decided t o  perform t h e  
A f t e r  the d i f f u s i o n  t h e  ampoule w a s  qu ick ly  quenched i n  c o l d  
water, t o  minimize the  d e p o s i t i o n  of  Zn from t h e  vapor .  Then, t h e  
sample was examined under t he  microscope. I t  was found t h a t  Zn tended 
t o  d e p o s i t  a t  s u r f a c e  damage sc ra t ches  and d i s l o c a t i o n s  revealed by 
e t c h i n g  p r i o r  t o  the  d i f f u s i o n .  This i s  shown i n  F i g .  4 .  The sample 
w a s  then washed i n  a l H C l  - 1 H  0 so lu t ion  f o r  5 min t o  remove f r e e  Zn 
from the ~ u r f a c e . ~  Some of the  Zn d e p o s i t s  were no t  a f f e c t e d  by t h i s  
t r ea tmen t .  This  may i n d i c a t e  t h a t  a Zn - GaP a l l o y  w a s  formed a t  
these s p o t s  and t h a t  t h e  d i f f u s e d  l a y e r  t h i c k n e s s  w a s  n o t  uniform. 
This  was p a r t l y  confirmed by a grooving thechnique.6 The boundary 
between t h e  Zn-diffused r eg ion  (dark)  and t h e  n- type GaP ( l i g h t )  w a s  
no t  clear under t h e  microscope. However, an approximate j u n c t i o n  dep th  
of about 5p w a s  o b t a i n e d .  T h i s  a l s o  i n d i c a t e d  tha t  t he  d i f f u s i o n  con- 
d i t i o n  was i n  t h e  p rope r  range.  A technique t o  i n d i c a t e  t h e  j u n c t i o n  
depth c l e a r l y  should e s t a b l i s h e d  t o  s tudy t h i s  i n  d e t a i l .  
2 
A f t e r  t he  above t r ea tmen t  one s i d e  of the  sample was lapped and 
po l i shed  t o  r e v e a l  the n- type su r face .  A t h e r m o e l e c t r i c  probe showed 
t h a t  t he  d i f f u s e d  s u r f a c e  was p- type,  and the  po l i shed  s u r f a c e  w a s  
n - type .  Then, a t i n  ohmic c o n t a c t  on t h e  n - s i d e  and a Sn + 1 percen t  Zn 
c o n t a c t  on t h e  p - s i d e  were a l loyed  i n  t h e  hydrogen fu rnace  f o r  5 min 
wi th  a hydrogen flow rate of 1 cu f t / h r .  The dimension of t h e  sample 
(PC-8-17) i s  shown i n  F ig .  5. 
2 .  V - I  C h a r a c t e r i s t i c s  
The c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  of PC-8-17 a t  room temperature  
i s  shown i n  F i g .  6 .  The r e v e r s e  breakdown w a s  very s o f t .  I t  was a l s o  
n o t i c e d  tha t  the series r e s i s t a n c e  was s t i l l  too  l a r g e  f o r  t h e  dimension 
of t he  c r y s t a l .  
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3. O p t i c a l  Measurement 
S p e c t r a l  response measurements were made on a Bausch and Lomb 
monochromator w i t h  a tungs ten  l i g h t  source and a HP 425-A. The 
experimental  s e tup  i s  i l l u s t r a t e d  i n  F ig .  7 .  The s o l a r  ce l l  was mounted 
a t  t he  e x i t  of t he  monochromator and a cons t an t  ex i t  s l i t  width o f  5 mm 
w a s  maintained throughout t h e  measurement. The r e s u l t  i s  shown i n  F i g .  
8 without  c o r r e c t i o n .  The maximum response was observed a t  A = 0 . 4 9 2 ~ .  
However, another  peak a t  0 . 7 ~  observed by some  worker^^'^ w a s  n o t  
d e t e c t e d .  
4 .  E-I Power Curve 
The E-I power curve w a s  obtained i n  s u n l i g h t  f o r  ce l l  PC-8-17 
a t  23 OC. The r e s u l t  is  shown i n  Fig.  9.  The conversion e f f i c i e n c y  
i s  about 0 . 2  pe rcen t  i f  an inpu t  power of 100 MW/cm2 i s  assumed. 
open c i r c u i t  vo l t age  of t h i s  c e l l  (PC-8-17) w a s  0 .58  v o l t s .  
cons iderably  lower than the  va lue  obtained by o t h e r  workers.  
The 
T h i s  w a s  
798 
5. Remarks 
Although the  s o l a r  c e l l  (PC-8-17) w a s  n o t  p a r t i c u l a r l y  designed 
t o  opt imize  the  o p e r a t i o n ,  i t  d i sc losed  some i n t e r e s t i n g  f e a t u r e s .  
F i r s t  of  a l l ,  t h e  0 .7p  peak was n o t  found i n  the c e l l  (PC-8-17). 
Gershenzon and Mikulyak p o s t u l a t e d  a donor l e v e l  due t o  oxygen a t  
0 . 4  ev below t h e  conduction band and Eps te in  and Groves8 p o s t u l a t e d  
t h a t  t h i s  might correspond t o  t h e  0.71.1.. I f  t h i s  i s  t h e  case, a l though 
i t  has no t  been v e r i f i e d  y e t ,  then one of the  reasons for the  absence 
of t he  0 . 7 ~  may be due t o  t h e  f a c t  t h a t  t h e  j u n c t i o n  depth of t h e  ce l l  
(PC-8-17) i s  q u i t e  l a r g e  (-5p) and the  main response of  the  cel l  i s  
occur r ing  i n  t h e  p- type  l a y e r  where t h e  donor l eve l  i s  h ighly  com- 
pensated by the  Zn d i f f u s i o n .  This  a l s o  seems t o  correspond t o  the 
s m a l l  j u n c t i o n  c u r r e n t  and e f f i c i e n c y  ( - 0 . 2  p e r c e n t )  i n  the ce l l  
(PC-8-17). 
t h i n  (-lp) d i f f u s i o n  l a y e r  i s  needed t o  s tudy  t h i s  f u r t h e r .  
9 
The es tab l i shment  of a technique t o  o b t a i n  a uniform and 
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Secondly,  t h e  o p e n - c i r c u i t  vol tage turned o u t  t o  be q u i t e  low. 
W e  have a l r eady  no t i ced3  t h a t  t h e r e  is  no anomalous r e s i s t a n c e  between 
the  ohmic c o n t a c t  and t h e  n- type bulk GaP and that  t h e  anomalous 
r e s i s t a n c e  e x i s t s  n e a r  the  p-n junc t ion  r eg ion .  This  leads t o  t h e  
s p e c u l a t i o n  that  a h igh ly  compensated or i n t r i n s i c  r eg ion  exists n e a r  
t he  pn j u n c t i o n  region as mentioned e a r l i e r  i n  t h i s  r e p o r t  and t h a t  
t he  v o l t a g e  drop occur s  i n  t h i s  region.  Since t h e  bulk n - type  material 
has a r e l a t i v e l y  low donor d e n s i t y  (-10 c m  ) , t h i s  seems very l i k e l y .  
This  r e s u l t  seems t o  be connected to t h e  e x i s t e n c e  of a high series 
r e s i s t a n c e  and a low j u n c t i o n  capaci tance.  The re fo re ,  measurement of 
capac i t ance  vs  appl ied v o l t a g e  r e l a t i o n  on s o l a r  cells  wi th  v a r i o u s  
bulk donor d e n s i t i e s  w i l l  be necessary as w e l l  as t h e  o p t i c a l  measure- 
ments. 
16 -3 
Work dur ing  the  next  q u a r t e r  w i l l  be concen t r a t ed  on charac-  
t e r i z a t i o n  of va r ious  parameters  of t h e  s o l a r  c e l l  o p e r a t i o n s  and 
improvement of t h e  f a b r i c a t i o n  technique. 
- 6 -  
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FIGURE CAPTIONS 
F ig .  1. V-I  Curves of Diode D-7-25. H: 1 V/div; V: 1 ma/div. 
a .  Before t h e  Baking Treatment.  
b. Af t e r  t h e  Baking Treatment.  
Fig.  2 .  De ta i l ed  Forward C h a r a c t e r i s t i c s  of Diode D-7-25 Before and 
Af te r  t h e  Baking Treatment.  
3 cu 
F i g ,  3. A Schematic Drawing of t h e  Dif fus ion  Ampoule. Volume - 2 .5  c m  . 
Fig .  4 .  Deposi t ion of Zn Along Surface Damage Sc ra t ches  and a t  
D i s loca t ions .  
-2 2 
Fig .  5. Dimension of t h e  S o l a r  C e l l  PC-8-17. Area = 6.9 X 10 c m  . 
Fig .  6. V-I  Curve of S o l a r  C e l l  PC-8-17. H: 1 V/div; V: 1 ma/div. 
F ig .  7. Equipment f o r  Measuring Spec t r a l  Response of S o l a r  C e l l s .  
F ig .  8. S p e c t r a l  Response of So la r  C e l l  PC-8-17 Without Cor rec t ion .  
F ig .  9. E-I Curve f o r  PC-8-17 a t  Room Temperature i n  Sun l igh t .  
- a -  
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PROJECT 5114: SEMICONDUCTING PROPERTIES OF GALLIUM PHOSPHIDE 
Nat iona l  Aeronautics and Space Adminis t ra t ion 
Grant NsG-555 
P r o j e c t  Leader: G. L .  Pearson 
S t a f f :  J.  W. Allen 
The purpose of t h i s  p r o j e c t  is  t o  s t u d y  t h e  p r o p e r t i e s  of GaP 
and GaAs P r e l e v a n t  t o  t h e i r  u s e  as semiconducting m a t e r i a l s .  x 1-x 
C r y s t a l  f i e l d  theo ry  is a highly-developed method of d e s c r i b i n g  
t h e  p r o p e r t i e s  of c e r t a i n  s p e c i f i c  types of i m p u r i t i e s  i n  c r y s t a l l i n e  
s o l i d s .  Most experimental  work has  been performed on i o n i c  m a t e r i a l s  
or on molecular complexes. I n  t h e  pas t  few years  t r a n s i t i o n  metal  
i ons  i n  1 1 - V I  compounds have been s t u d i e d  from t h e  c r y s t a l  f i e l d  po in t  
of view. Recent ly  w e  have been applying t h e  method t o  t h e  s t u d y  of  
deep-lying impur i ty  l e v e l s  i n  1 1 1 - V  semiconductors.  
I n  a prev ious  Quar t e r ly  Research Review,  No. 11, i t  was repor ted  
t h a t  t h e  o p t i c a l  absorp t ion  of Fe, C o  and N i  i n  GaP could be i n t e r -  
p re ted  a s  a r i s i n g  from t h e  d6, d7 and d conf igu ra t ions  r e s p e c t i v e l y ,  8 
thus  showing t h e  a p p l i c a b i l i t y  of c r y s t a l  f i e l d  theory  t o  t h i s  type  
of compound. I n  o t h e r  1 1 1 - V  and group I V  semiconductors t h e  band gap 
i s  t o o  small  t o  a l low t h e  observa t ion  of o p t i c a l  absorp t ion  s p e c t r a  
a r i s i n g  from d-d t r a n s i t i o n s .  I t  i s  t h e r e f o r e  necessary  to  f i n d  
c o r r e l a t i o n s  between impur i ty  paramters and known p r o p e r t i e s  of t h e  
hos t  c r y s t a l .  As examples, two such c o r r e l a t i o n s  w i l l  be presented 
here .  
1 
hlatamura suggested t h a t  t h e  hyper f ine  cons tan t  A f o r  d i v a l e n t  
Th i s  i d e a  can be 5 Mn(d ) i s  r e l a t e d  t o  t h e  i o n i c i t y  of t h e  c r y s t a l .  
extended by  r e l a t i n g  A t o  t h e  anion e l e c t r o n e g a t i v i t y ,  a s  shown i n  
I 
Fig.  1. S ince  both A and t h e  e l e c t r o n e g a t i v i t y  a r e  measures of t h e  
ex ten t  t o  which e l e c t r o n s  a r e  drawn from t h e  impur i ty  on to  t h e  
surrounding l i g a n d s  i t  i s  not  s u r p r i s i n g  t h a t  a c o r r e l a t i o n  e x i s t s ;  
what i s  g r a t i f y i n g  i s  t h a t  t h i s  c o r r e l a t i o n  produces a smooth curve,  
showing t h a t  t h e  bonding c h a r a c t e r i s t i c  v a r i e s  smoothly through t h e  
zinc-blende s t r u c t u r e  semiconductors.  
I n  t h e  second example, t h e  reduct ion  of t h e  Racah parameter B 
i n  t h e  c r y s t a l  r e l a t i v e  t o  t h e  f r e e  i c n  value,  denoted by t h e  r a t i o  
can be c o r r e l a t e d  wi th  t h e  r e f r a c t i v e  index  B ’ B  
of t h e  hos t  c r y s t a l ,  a s  shown i n  Fig.  2. Th i s  r e l a t i o n  i s  p a r t i c u l a r l y  
important s i n c e  i t  al lows us t o  e s t ima te  f3 i n  c r y s t a l s  i n  which t h e  
o p t i c a l  abso rp t ion  due t o  t h e  impuri ty  cannot be observed. 
c r ys  t a l’Bf ree i on’ 
I t  appears  from t h i s  work t h a t  t h e  c r y s t a l  f i e l d  approach provides  
a f r u i t f u l  method of s tudying  t r a n s i t i o n  metal  i m p u r i t i e s  i n  semicon- 
duc to r s ,  and t h e  e x i s t e n c e  of c o r r e l a t i o n s  of t h e  type  descr ibed  
al lows us t o  make q u a n t i t a t i v e  e s t ima tes  of some p r o p e r t i e s  of such 
i m p u r i t i e s  which a r e  o therwise  not  e a s i l y  obtained by experiment. 
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FIGURE CAPTIONS 
5 F i g .  1 Correlat ion between the hyperfine constant A for Mn(d ) and 
e l e c t r o n e g a t i v i t y  of the  c r y s t a l  anion. 
Fig.  2 Correlat ion between t h e  Racah paramter reduction r a t i o  and 
the rec iprocal  square r e f r a c t i v e  index of  the  host  c r y s t a l .  
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